23

Conclusions
24
The introduction of bicycle paths and lanes is likely to be associated with health benefits, 25 primarily due to increased physical activity. More research is needed to estimate the absolute 26 size of the health benefits. In particular, evaluations of the effects of bicycle infrastructure on 27 time spent cycling are limited or of insufficient quality to infer causality. We recommend 28 before-after studies measuring the effects of different interventions and in areas representing a 29 wide range of base levels of cycling participation. been debated by adherents to so-called "vehicular cycling". The term "vehicular cycling" was 7 coined by Forester to suggest that "cyclists fare best when they act and are treated as drivers this paper sets out to compare the health impact of bicycle paths and lanes in relation to; 1) 33 physical activity, 2) air pollution exposure, and 3) road safety among cyclists. The study 34 focusses on the differences between bicycle infrastructure along distributor roads and roads 35 without bicycle infrastructure (see Figure 3 ). The health impact of bicycle paths and lanes will be more extensive than just health 13 gains through more time spent cycling. In addition, these infrastructural facilities can alter 14 exposure to both air pollution and road traffic injury risk and these effects apply to all
15
(existing and new) cyclists (the right hand box in Figure 4 ). Effects on air pollution exposure 16 and road safety risks may occur because these change at the location level due to bicycle 
18
This is depicted in Figure 4 by an arrow from bicycle infrastructure to air pollution exposure 19 and road safety risks. However, there is also an indirect effect via changed route choice Figure 4 about here 30 31 The remainder of the introduction describes literature related to the health impact of more 32 time spent cycling, and exposure to the risks of air pollution and road safety, see Figure 4 for 33 paragraph numbers. We use key publications such as review studies and meta-analyses, or 34 estimates from single studies if those are not available. After an introduction describing data 35 and methods in Section 3, the second part of the paper (Section 3), uses the synthesis of the hypothetical Dutch city with 100,000 inhabitants having characteristics common in the 38 Netherlands. The outcomes should be understood as an assessment of the average impact of 39 bicycle infrastructure given the currently available evidence. reveal a lack of before and after evaluation to test the impact of a specific intervention and 7 poor reporting of intervention characteristics that limits our possibilities to describe a dose-8 response relationship. The latter is of particular importance for this study, in order to be able and no significant change in volumes of motor vehicles (Jensen, 2006 Both revealed and stated preference studies suggest that cyclists prefer bicycle infrastructure.
>>>> Insert
35
For instance, in a study by Mulley et al. (2013) in Australia people indicated the following 36 options as being equally attractive: 1km on a busy road without bicycle lanes, 2.3km on a 37 busy road with bicycle lanes, and 2.9km on a busy road with paths shared with pedestrians.
38
However, studies on cyclist route choice (revealed preference research) suggest that distance Gommers and Bovy (1987) conducted the only before-after study to evaluate the 5 impact on route choice of the above mentioned bicycle network in Delft using a survey of 6 bicycle route characteristics with a map of Delft on which respondents could draw their route.
7 Table 1 shows the results by the share of kilometres per road category before and after 8 implementation of the plan. As the share is 100% for the before and after situation it controls 9 for increased bicycle use (Gommers and Bovy, 1987). The right hand column in 
Effects of the measures on exposure to air pollution
20
There is no general consensus about which indicators best represent the adverse health effects Netherlands and Denmark, we expect them to be in the same range as in the Dutch study by 19 
Strak et al. (2010).
20
In summary, the available cycling-specific evidence suggests that the higher the the effect percentages from the above mentioned studies provide a realistic range of overall 7 road safety effects of bicycle lanes and paths after accounting for changed route choice. 
29
To circumvent the lack of cycling and walking-specific evidence for morbidity, some 30 researchers estimate the morbidity impact using research on moderate physical activity in 
43
A dose-response relationship is needed to estimate the health benefits of a given 
12
In traffic, the exposure is not only dependent on the concentration but also on the ventilation 
Data and Method
28
We explored the impact on mortality of bicycle infrastructure associated with increased 29 cycling, and the risks of air pollution and road safety among cyclists. We examined the 30 relative size of these three impacts. We focused on mortality rather than morbidity as a 
Scenario
38
We modelled the impact of a scenario with 3. 
30
The Netherlands has high levels of cycling participation and is one of the safest and a level of cycling safety that can be expected in a country with a lower level of cycling.
37
Estimating the health impact
38
Sections 3.1 up to 3.3 describe how the relative risks of mortality are estimated for our 39 scenario. As depicted in Figure 4 , the changed time spent cycling in the scenario directly 40 feeds into an estimation of risk of all-cause mortality (Section 3.1). put the benefits in perspective. 7 8 3.1 The health impact of cycling related to physical activity 9 We modelled the impact on bicycle modal share via the density of bicycle lanes and paths.
10
Proximity to bicycle infrastructure would be an alternative to operationalize different degrees as in our hypothetical scenario city). We consider this unrealistic for our scenario in the 33 Netherlands as the cycling market is likely to get saturated more quickly given the higher The results are not likely to be very different if we would assume a non-linear dose-response 1 relationship. The base level of cycling in the Netherlands is somewhat under 11.5 MET hours.
2
For those at lower base levels of cycling the aforementioned mortality risk reduction is 3 conservative while it is optimistic for those at a higher base levels (Kelly et al., 2015) . These 4 differences can be expected to cancel each other out.
6
Air pollution 7
To examine the health impact of exposure to air pollution, a daily inhaled dose was estimated 8 for the current situation and scenario. The change was translated into an equivalent change in 9 BC and NO 2 concentration. The inhaled dose is the product of the concentration, the duration 10 of exposure to this concentration, and the ventilation rate. We defined a range for both 11 ventilation rate and street concentration to examine the impact on all-cause mortality. The following steps were used to obtain the inhaled doses: represent the differences between road types described in the literature (see Section 2.2).
16
We assume cyclists are exposed to these street concentrations while travelling, with the in Delft, see Table 1 . This accounts for changes in route choice. Table 2 level of the effect range, and vice versa for the lowest.
3 Table 2 presents the steps in the calculation and outcomes. The effects on mortality are small 4 (indicated by risk reductions for all-cause mortality between 0.00 and 0.06 per thousand).
5
Relative risks of all-mortality based on BC and NO 2 are generally in the same range.
7
>> Table 2 about here 8 9 3.3 Road safety 10 We used a range of 9% to 50% for bicycle lanes and -7% to 38% for bicycle paths for the (50% x 2.6 + 38% x 2.3)
27
 This was combined with the current mortality rate to estimate the risk reductions for 28 all-cause mortality using the formula described in Section 2. The impact on all-cause mortality is small, even if the largest effect estimates are assumed.
35
Life expectancy and comparison of health effects
36
As a rule of thumb, a 1% reduction of all-cause mortality risk in the adult population To aquire a more reliable estimate, all of the calculations described in Sections 3.1, 3.2, and Table 3 . Life table calculations   6 were undertaken using the IOMLIFET spreadsheet (Miller, 2013) to estimate the number of 7 life years gained with the mortality risk reductions in Half the base level of cycling was assumed for a sensitivity analysis, i.e. a 13% bicycle modal this brief sensitivity analysis confirm that, also at a lower base level, of cycling, the greatest 38 health benefits are due to physical activity. The benefits of reduced exposure to the risks of air 39 pollution and road safety remain small. 40 41 3.6 Estimation of the health economic benefits 42 The number of deaths prevented per year was estimated for economic appraisal (see Table 4 ).
43
The annual benefits of more time spent cycling are between €2.2 million and €3.6 million. We would more accurately estimate the expected total health benefits of bicycle infrastructure.
11
This study was restricted to mortality because the evidence for mortality is more 12 conclusive than for morbidity . This raises the question of whether a 
24
These results suggest that it is important to include morbidity to assess the absolute size of the 32 This study suggests that, based on currently available research, the health benefits of bicycle 
Policy implications
